Abstract If produced in high energy particle collisions at the LHC, magnetic monopoles could stop in material surrounding the interaction points. Obsolete parts of the beam pipe near the CMS interaction region, which were exposed to the products of pp and heavy ion collisions, were analysed using a SQUID-based magnetometer. The purpose of this work is to quantify the performance of the magnetometer in the context of a monopole search using a small set of samples of accelerator material ahead of the 2013 shutdown.
Introduction
The discovery of particles possessing magnetic charge would be of fundamental significance. The Maxwell equations would perforce be symmetrised and models which unify the fundamental forces would receive direct experimental support [1, 2] . Furthermore, Dirac demonstrated that the quantisation of electric charge could be understood as a consequence of the quantisation of angular momentum should monopoles exist [3, 4] . Searches for monopoles are thus well motivated by arguments from classical physics, quantum mechanics and quantum field theory. A wide range of searches has therefore been performed in a number of environments such as cosmic ray facilities and colliders [5] [6] [7] . This paper describes first measurements of accelerator material for a search for monopoles produced at the CERN Large Hadron Collider (LHC). a e-mail: philippe.mermod@cern.ch b e-mail: milstead@physto.se Two important quantities characterising any collider monopole search are the mass and charge range to which the search is sensitive. The mass sensitivity is largely determined by the collision centre-of-mass energy whereas the charge range depends mainly on the experimental technique used in the search. The Dirac argument suggests a value for the lowest amount of magnetic charge possessed by a particle. This is the so-called Dirac charge g D = nh eμ 0 = 3.3 × 10 −9 A m where e is the elementary electric charge, h is Planck's constant, μ 0 is the permeability of free space, and the quantum number n is set to unity. A modification of the Dirac argument can be made by allowing a down-type quark to carry the fundamental electric charge in which case the minimum magnetic charge becomes 3g D . Furthermore, by considering an object with magnetic and electric charge (a so-called dyon 1 ) in place of a monopole, Schwinger argued that n ought to be even [8, 9] . The minimum magnetic charge may well therefore be as high as 6g D . Monopoles with charges around the Dirac charge would suffer electromagnetic energy loss in matter several thousand times that of a particle possessing the elementary electric charge [10, 11] . Given this extreme energy loss, monopoles of different charges may either dominantly be stopped in detector and accelerator material or propagate through the detector and be observed as a highly ionising object. Complementary searches which aim to provide a comprehensive coverage of magnetic and electric charge are therefore needed. This work forms part of a program of searches for highly charged objects at the LHC [12] [13] [14] [15] [16] . Here, the focus is on stopped monopoles which correspond broadly to scenarios of monopoles with with charges g D and dyons with high electric charge ( 100e) and modest magnetic charge ( g D ) [17] . Such particles would be expected to be bound strongly to matter [6] .
The so-called induction method [18, 19] has been used for searches at lower energy colliders [20] [21] [22] and is employed here. This involves passing material samples through superconducting loops and looking for an induced nondecaying current from a transported monopole. SQUIDbased magnetometers in principle offer the required precision with which to measure such a current although studies must be performed to quantify the expected response of the magnetometer to a monopole. In this work a variety of calibration tools are used together with magnetic field simulations to characterise the capability of a SQUIDbased magnetometer to detect monopoles. Special attention is also paid to the problem of backgrounds from large dipole moments which can induce monopole-like residual currents. The search methodology is then tested with a small set of material samples from the LHC accelerator. The samples have been exposed to proton-proton collisions at centre-of-mass energies up to 7 TeV and lead-lead collisions at nucleon-nucleon centre-of-mass energies up to 2.76 TeV. The corresponding integrated luminosity values were around 6 fb −1 (pp) and 170 µb −1 (Pb-Pb). The aim of this work is to develop and test the experimental techniques needed for a wider study of accelerator and detector material which could become available following the shutdown and upgrade of the LHC in 2013. In particular, it is important to demonstrate that monopoles with charges of values much less and much greater than the Dirac charge could be observed.
This paper is organised as follows. The magnetometer used in this work is described and its sensitivity to objects possessing a range of magnetic charges assessed using different calibration methods. Sources of fake monopole signals are then studied with rock samples. The accelerator samples are then described together with estimations of energy loss a monopole would suffer before becoming embedded in these samples. Finally, the response of the magnetometer to the samples is shown and the results discussed.
Experimental apparatus and tools
For this work, a 2G Enterprises DC-SQUID rock magnetometer (model 755) [23] was used. The device is housed at a laboratory maintained by the Earth and Planetary Magnetism group at the Department of Earth Sciences at the Swiss Federal Institute of Technology (ETH), Zurich. The relevant apparatus within the magnetometer for this study is a flux sensing system comprising two pick-up coils of radius 4 cm along the longitudinal z-axis of the magnetometer. Samples are transported along the axis in the +z direction through an access shaft with diameter ∼4 cm. The sensing region is surrounded by superconducting shielding. The magnetic flux from a sample in the pick-up coils is sensed as a superconducting current in the coils. Figure 1 shows a schematic outline of the magnetometer together with an illustration of the magnetic field configuration arising from a solenoid, one end of which is a pseudopole, near to two superconducting pick-up coils. The field calculations were made with the Maxwell program [24] . As can be seen, the net flux through the coils is zero owing to induced screening currents which cancel the flux from the pseudopole. Exact first principle calculations of the response function of the 2G magnetometer are beyond the scope of this work since they require the precise modelling of the disposition of superconducting shielding and the magnetic field in the sensing region [25, 26] .
A so-called calibration sample in the shape of a needle of length 14 mm and diameter 1 mm is used for calibration purposes. This is enclosed within a non-magnetic plastic holder. The dipole sample was made from floppy disk material and subsequently magnetised such that the dipole moment, aligned along the longitudinal direction, is 3.02 × 10 −6 A m 2 . The uncertainty on the moment, assessed by comparing measurements on independent magnetometers at the ETH laboratory, is less than 1 %. As described in Sect. 3, measurements of the calibration sample can, with the aid of a convolution method, be used to predict the magnetometer response to a monopole.
A more direct approach to inferring the magnetometer response to a monopole is to use a long solenoid since the magnetic field from one end of an semi-infinite solenoid follows an inverse square law [28] . For this work, two thin solenoids (solenoids 1 and 2), wound with copper wire and supported by cylindrical copper formers, were used. Solenoid 1 (2) is formed from two (three) layers of wound copper wire. These devices were previously used for a search at the H1 experiment [22] . A solenoid with n turns, length l, surface area S and applied current I can be considered as possessing two oppositely charged poles (termed pseudopoles) of strength q = I ·S ·n/ l. Expressing the pseudopole strength in units of the Dirac charge g D and the current flowing through the solenoids, the solenoids are characterised by 32.4g D and 41.4g D per unit µA, respectively. The solenoid parameters are described in Table 1 and the performance of the solenoids is described in Sect. 3.
A fake monopole signal can arise when a highly magnetised material passes through the pick-up coils. In this situation, the measured current does not return to zero when the material is far from the pick-up coils, thus mimicking Mean coil area S (mm 2 ) 9 .7 4 .5
Uncertainty in area 6 % 10 % the residual current left by monopole. To study this effect, ferromagnetic rock samples with dipole moments of values similar to those of the accelerator samples were used. This is described in Sect. 4.
The expected response of the magnetometer to monopoles
As mentioned in Sect. 2 two approaches are employed to quantify the expected response of the magnetometer to a monopole. In one approach, the convolution method, measurements of the current due to the calibration sample are used. Such measurements are shown as a function of the longitudinal position z of the sample in Fig. 2 . The measured current rises, reaches a plateau of length roughly that of the longitudinal extent of the pick-up coil array (∼4 cm), and falls again. It should be noted that, although the device measures an induced current due to a change in mag-
Fig. 2
The measured current from the calibration sample as a function of z. A smoothed form of the spectrum is overlaid. The data are expressed in units of magnetic moment since the magnetometer calibration is such that the plateau value returns the value of the sample dipole moment netic field, normalisation and calibration steps have been performed such that the value of the plateau region corresponds to the magnetic moment of the sample. The distribution is thus labelled accordingly. The superposition principle for magnetic fields implies that the field from a long thin magnet is equivalent to that of the sum of individual dipole samples positioned alongside each other such that the total length would be that of the long magnet. The distribution in Fig. 2 can therefore be used to predict the response of the magnetometer to a pseudopole. To implement this approach, the distribution in Fig. 2 was smoothed with a spline algorithm and the magnetometer response at 18 dipole positions, each separated by 14 mm, was extracted and summed. This then corresponds to a long thin bar magnet possessing a pseudopole value of ∼6500g D . The Fig. 3 The dependence on z of the induced current for solenoids carrying a range of different currents. Also shown is the prediction of the convolution method (dashed lines) for a given solenoid carrying a certain value of current. Where two lines and two sets of data points are shown close together the upper line corresponds to the upper set of data points and vice versa. The unit of the y-axis is the current expected for a Dirac monopole (I g D ), as estimated with the convolution method sum is therefore scaled such that it corresponds to the pseudopole charges associated with the solenoids for a range of currents, as derived using the solenoid properties in Table 1 . This procedure was performed for a "chained" set of calibration samples at many different values in z.
The predicted induced current is shown (dashed lines) in Fig. 3 for solenoids carrying different currents. As would be expected the predicted induced current rises and reaches a plateau and begins to fall. This corresponds to the "chained" set of samples moving towards, into and out of the pick-up coil array. The normalisation of these distributions is such that the plateau value corresponds to the strength of the magnetic pseudopole at the end of the "chain", which is directly proportional to the current in a solenoid. The distributions is expressed in units of I g D , where I g D is the predicted induced current from a "chain" carrying the Dirac charge at the centre of the centre of plateau region (z = 1470 mm). The assumed current values were: 0.01, 0.1, 1 and 10 µA for solenoid 2; the solenoid 1 current values were 7 % higher than those used in the second solenoid. 2 Also shown in Fig. 3 are the measurements of induced current from the different solenoids with the aforementioned solenoid currents. Runs were performed in which the solenoids were stepped through the magnetometer. For each solenoid, runs were also taken with zero solenoid current. Data from runs with zero current were subtracted from the finite current runs to give the distributions in Fig. 3 . Solenoid measurements with a positive pseudopole entering the sensing region give positive output values and vice versa, and it was verified that there is no significant magnetic charge asymmetry in the magnetometer response. The output is found to be linear over the studied range 0.3g D to 400g D . Good agreement is observed over several orders of magnitude of current between the induced currents left by the solenoids and those predicted by the convolution method although there is a tendency for the convolution method to slightly overestimate the solenoid measurements. Uncertainties on the solenoid measurements are not shown and are discussed below. The convolution method makes predictions at higher values of z than are possible with the solenoids owing to hardware limitations in the sample transport system. A small discrepancy is evident at low values of z for the lowest value pseudopole charge (∼0.3g D ) corresponding to a weak signal at which the magnetometer accuracy is degraded. Figure 4 allows a more quantitative comparison of the two methods. This figure shows the ratio of induced current at the centre of the plateau region to the pseudopole strength as a function of pseudopole strength. The pseudopole strengh is calculated using the solenoid parameters and solenoid current. By construction, the ratio is unity for the convolution method. The relative uncertainties on the areas (and therefore pseudopole strength) of solenoid 1 (6 %) and 2 (10 %) are also shown. The errors on the data points in Fig. 4 for a given solenoid are thus 100 % correlated with each other. As can be seen the magnetometer measurements of each solenoid are consistent with each other and the convolution method. The agreement between the convolution method and the solenoid approach is between ∼1 and ∼1.2σ for solenoid 1 and is around 0.6σ for solenoid 2.
At low values of magnetic charge (and thus magnetic field) ∼0.3g D larger fluctuations occur than are seen for the higher charge measurements.
A detailed error analysis for the convolution method is not performed here. However, we expect the uncertainties to be relatively small. Previous studies with with 2G SQUID magnetometers of the difference in magnetometer output for chained and long core samples gave differences of up to ∼10 % [27] . The sample dipole moment is known to an accuracy of better than 1 %. Repeat measurements of the calibration sample lead to differences of less than 1 % when the sample is in the sensing region and the magnetic field in this region is highest. These differences can rise up to 10 % for the highest and lowest values of z although these make negligible contributions to the prediction of the critical plateau value and thus expected monopole response. The convolution method relies on a number of assumptions. One such assumption is that the magnetometer output for a magnetic field strength corresponding to optimal magnetometer performance can be linearly scaled such that it predicts the performance of the magnetometer at significantly lower field values. A further assumption is that the induced current does Independently of experimental errors, differences between the methods can also arise due to the effects of the different cross sectional areas of the calibration sample and the solenoids. The Maxwell simulation program predicts that such differences are at most several per cent. Given this, and the discussion in this section, it can be stated the calibration of the magnetometer for the passage of a monopole with charge values between ∼0.3g D to ∼400g D is well determined by two independent methods to an accuracy in reconstructed charge of around 10 %. It should, however, be emphasised that this represents an ideal performance obtained with calibration tools. The next section outlines how the performance can potentially be degraded due to machine effects and highly magnetised samples.
Fake signals
To search for a monopole signal it is not necessary to make time-consuming repeated positions in different steps in z. Instead, a straightforward signal observable the persistent current is defined. This is the change in current on the pick-up coils which occurs when a sample enters the magnetometer and is transported through the pick up coils and along the axis until the magnetic field in the sensing region arising from the sample is negligible. Two instrumental effects have been studied which may induce a fake non-zero persistent current: offset drifts and offset jumps. A third possible effect, so-called flux jumps [29] , did not effect this study.
To investigate the first two effects, two rock samples, which were assumed not to contain monopoles, were used [30] . Offset drifts were observed to cause the persistent current to fluctuate with time, typically at a rate equivalent to 0.1g D per hour. Since the offset drift affects the readings at all positions, the quantity defined as the last reading minus the first reading is stable with time. Using this quantity, for the background subtraction it is not necessary to make frequent empty holder passes in between sample passes since all empty holder measurements yield consistent values. The last reading minus first reading after subtracting this unique value obtained from the empty holder measurements can thus be regarded as the persistent current, the magnitude of which would be directly proportional to the candidate monopole charge.
Offset jumps are sudden shifts of the readings from one position to the other. Spurious offset jumps can potentially fake large signals. Such fake signals are easy to dismiss as they would not appear consistently in multiple passes. However, in certain conditions, small offset jumps were also observed to happen consistently at every pass. To better quantify this effect, we made a series of passes using rock samples. The first rock sample, R1, was chosen such that it's magnetic moment (4.26 × 10 −5 A m 2 ) is similar to those of the beampipe samples. This sample was passed multiple times into the magnetometer with orientations yielding both positive and negative values of the longitudinal magnetisation. Such measurements yielded distributions of the persistent current with mean values very near zero and very small standard deviation, as reported in the top row of Table 2 . Significant offset jumps were observed after using another rock sample, R2, with higher magnetic moment (1.3×10 −4 A m 2 ), for which measurements of the persistent current in the case of a positive longitudinal magnetisation were consistently observed to be shifted by −0.14g D relatively to empty holder measurements performed in between. This shift was not observed when the sample was oriented so as to yield a negative longitudinal magnetisation. New series of measurements were then performed after demagnetisation of the R2 sample to give a moment of 1.5 × 10 −5 A m 2 and then further to 4.5 × 10 −6 A m 2 . The same shift was Table 2 shows the mean and standard deviation of the persistent current distribution in abnormal mode. This abnormal mode was triggered by the first pass with R2 with a high longitudinal magnetisation. It was found that the magnetometer could be restored into a normal mode by manually resetting the current offset to a value near zero. After resetting, the persistent currents for R1 and (demagnetised) R2 were again entirely consistent with the values in the top row of Table 2 .
The resolution of the magnetometer for highly magnetised samples is dominated by offset jumps and can be considered as being the typical deviation of the persistent current from zero for samples where there is no monopole. Using the repeated rock sample measurements, it is found that in normal mode, the resolution is 0.04g D , and in the case where the magnetometer enters an abnormal mode, it is at least as large as 0.14g D .
Beampipe samples
Seven material samples (so-called fingers), made of a copper-beryllium alloy were used in this work. These samples were part of a plugin module attached to the CMS beampipe and used to maintain the beampipe's structural integrity upon changes in temperature. Pictures of the plugin module with attached fingers, one of the finger samples, and an X-ray image of the the plugin module mounted in the beampipe are shown in Fig. 5 . The finger samples were replaced prior to luminosity running in 2012 since they were found to have been erroneously mounted and hung in the vacuum region. All material that has been part of the accelerator gets irradiate to some extent so safety procedures were necessary for the removal of these fingers. Radioactivity tests indicated that samples were safe for use in this study.
The sample length of an individual finger sample is around 8.5 cm and the thickness is ∼0.8 mm. The samples were located at a position of 18 m along the colliding beam axis. The nominal polar angle acceptance range with respect to the CMS interaction point is between 179.936 and 179.943 degrees. A monopole produced within this angular range would stop inside the sample if produced with an energy below a certain punch-through energy, which is a function of its mass and charge. The Bethe formula for magnetic charges [10] was used to simulate the energy loss of monopoles in small steps inside the sample material and estimate its range. The same approach was used as was employed in Ref. [17] . The results of these calculation are shown in Fig. 6 . The effective thickness of the samples is around 8 times larger than the actual thickness owing to the angle in which the samples lay. In addition, a monopole should have a minimum kinetic energy such that the 3.8 T CMS magnetic field has a negligible effect on its trajectory. For masses above several hundred GeV this minimum energy is estimated to be of the order of 0.1 GeV. Given the limited range of samples currently available, the intention of this work is not to produce a limit on the production of monopoles. An analysis of the effects of the uncertainties of the size and positions of the samples is therefore not performed.
Beampipe sample measurements
The sample holder used for the beampipe sample runs was a 50 cm long carbon-fibre hollow tube. The seven beampipe samples were wrapped into paper so that they would tightly fit into a slit on the tip of the sample holder. At the starting position of each run, the sample holder was inside the magnetometer with its tip protruding on the side opposite to the holder arm. In this position, a beampipe sample could be attached to the tip of the sample holder. Measurements were then performed in steps until the sample had passed entirely through the magnetometer. At the end position, nothing remained inside the magnetometer and the sample could be retrieved on the away side. Most measurements were performed with 48 steps to precisely map the magnetisation of the sample at each position. Each beampipe sample was measured at least twice, in 48 steps. Frequent empty holder measurements were made for background subtraction between beampipe samples measurements. Beampipe sample number 4 was measured six times, of which three had a different number of steps (96, 24 an 4).
The magnetisation of the beampipe samples can be quantitatively studied by measuring the peak induced current, i.e. that value occurring when the beampipe samples are near the centre of the pick-up coil system. The peak currents are shown in Fig. 7 . As can be seen the currents are typically many orders of magnitude greater than that expected for a Dirac monopole. As mentioned in Sect. 2 offset jumps are expected for strongly magnetised samples. As a test to reduce the magnetisation, one sample (beampipe sample 2) was demagnetised with an oscillating magnetic field. This reduces the magnetisation by more than an order of magnitude, albeit at the possible risk of dislodging a trapped monopole. This risk should, however, be minimal since the binding energy of a monopole in material is thought to be large [6] . Should offset jumps represent a limiting effect for further studies demagnetisation may be necessary.
The measurement of induced current for one run made with beampipe sample 3 is shown in Fig. 8, after subtracting the values obtained with an empty sample holder from a run performed immediately afterwards. The empty-holder subtraction corrects for the offset, and also for the very slight remnant magnetisation of the sample holder while it is still inside the magnetometer. The sum of the beampipe sample measurements and a solenoid measurement with pseudopole equivalent to 4.14g D is shown as a dashed line superimposed to the beampipe sample measurements in Fig. 8 , demonstrating that a sample with a trapped monopole would yield a very distinct (and reproducible) signature.
The persistent current for all beampipe sample runs are shown in Fig. 9 , after subtracting the value obtained from empty holder measurements. Values of persistent current (Table 2) . When making the measurements it was observed that offset jumps of mag- Fig. 9 Persistent current left by the beampipe samples nitude ∼0.15g D took place. Sample number 4 suffered several consecutive offset jumps which accounts for the higher currents observed for two of the measurements made with this sample giving the highest current readings.
Summary and conclusions
Monopoles and dyons with specific ranges of magnetic charge would be trapped in the beampipes of the LHC experiments and could be observed by measurements of the magnetic properties of the beampipe material. In this work, the expected response of a magnetometer to monopoles has been quantified using several calibration methods. The possibility for fake signals to arise was studied with rock samples. As part of the preparations for a search with material from the LHC, tests were made on obsolete accelerator material. The production kinematics of monopoles which would have stopped in the samples were also evaluated. The work indicates that monopoles possessing at least one third of the Dirac charge could be observed in a search using the apparatus employed here.
